Introduction
The 14-3-3 family of proteins consists of seven isoforms, which are highly conserved over many eukaryotic organisms (1, 2) . Much recent interest has focused on the σ isoform (also called HME-1 or stratifin), which is expressed in human epithelial cells (3) (4) (5) . A crucial role of 14-3-3 σ is its control of the G2 cell cycle checkpoint (6) . At the G2 phase, cdc2-cyclin B1 normally enters the nucleus to initiate mitosis. In response to DNA damage, 14-3-3 σ is induced in a p53-dependent manner and prevents the cdc2-cyclin B1 complex from entering the nucleus. These changes provide an opportunity for DNA repair of damage before further cell cycle progression (6, 7) . Indeed, cells lacking 14-3-3 σ function have impaired cell cycle control after DNA damage and increased genomic instability. Suppression of 14-3-3 σ expression has been documented in transformed cell lines, including v-Ha-ras (ras)-transformed mammary cells (4), SV40-transformed human keratinocytes (8) and several types of cancer (9) (10) (11) (12) . Loss of 14-3-3 σ expression is caused by DNA hypermethylation rather than gene deletion or mutation (9) (10) (11) (12) (13) and importantly, restoration of 14-3-3 σ expression by the DNA demethylation agents (e.g., 5-aza-2-deoxycytidine) normalize control of the cell cycle (11) .
Previous reports have shown that 14-3-3 σ was often methylated and inactivated in human breast cancer (12, 13) , liver cancer (9) , vulval cancer (14) and oral cancer (15) . Since 14-3-3 σ is located downstream of the p53 pathway, this gene might act as a tumour suppressive factor (6) . Therefore, inactivation of this gene could contribute to carcinogenesis of some cancers as shown above. On the other hand, overexpression of 14-3-3 σ through hypomethylation was observed in pancreas cancer (16, 17) . Moreover, it was also reported that this gene was commonly methylated in normal and malignant lymphoid cells, which nevertheless express the 14-3-3 σ gene (18) and that the status of inactivation of this gene by hypermethylation depends upon the pathological type in lung cancer (10) .
The progression of a cell through the G1 phase of the cell cycle is regulated by the sequential expression and degradation of G1 cyclins and the resulting activation and inhibition of cyclin-dependent kinases (CDKs). The activity of CDKs is also influenced by the concentration of specific protein molecules known as cyclin-dependent kinase inhibitors. Cyclin D1 is the regulatory subunit of CDK4/6, which catalyzes the phosphorylation of retinoblastoma protein (pRb). Phosphorylated pRb fails to bind and inactivate E2F, an S phase transcription factor (19) . CyclinD1 overexpression plays an essential, albeit subsidiary, role in the transition between the G1 and S phase in proliferating cells. It has been reported that the accumulation of cyclinD1 in cyclinD1-overexpressing tumours (20) accelerates the cell cycle by decreasing the duration of the G1 phase (21).
14-3-3 σ is induced by p53 in response to DNA damage (6) . Cells lacking expression are defective in maintenance of G2 arrest and exhibit increased chromosomal abnormalities even in the presence of functional p53 (22) . To improve our understanding of the significance of alterations in DNA methylation, we evaluated the DNA methylation status of the 14-3-3 σ gene in a series of oral SCC of varying p53 status and CyclinD1 expression and examined the correlation between DNA methylation status and the protein expression levels in the same tissue samples. We showed that the loss of 14-3-3 σ, via methylation-dependent transcriptional silencing, occurs as a rare event in oral cancer and it is associated with reduced CyclinD1 gene expression.
Materials and methods

Patients and samples.
A total of 46 oral squamous cell carcinomas were studied. Tumours and corresponding nonmalignant epithelium were obtained at operation. We confirmed microscopically that the tumour-tissue specimens consisted mainly (>80%) of carcinoma tissue and nonmalignant epithelium did not exhibit any tumour-cell invasion or show significant inflammatory involvement. Tissue blocks were carefully trimmed to remove non-malignant tissue before extraction of DNA, RNA and protein. In addition, a total of ten normal gingival epithelium of healthy volunteers obtained from third molar tooth extraction were included in this study. Specimens were divided into two parts: one part was snapfrozen in liquid nitrogen immediately after surgery and stored at -80˚C until use. The second part was formalin-fixed and paraffin-embedded. Histopathological assessment was performed on paraffin sections. The patients provided written informed consent under a protocol approved by the appropriate Institutional Review Boards.
Genomic DNA extraction and methylation-specific polymerase chain reaction. To determine DNA methylation patterns in the promoter region of the 14-3-3 σ gene, we extracted genomic DNA using a genomic DNA purification kit (Promega, Madison, WI). Genomic DNA (1 μg) was treated with sodium bisulfite as described (23) and was analyzed by methylation-specific polymerase chain reaction (MSP) (13) . Primers specific for methylated DNA [5'-TGGTAGT TTTTATGAAAGGCGTC-3' (sense) and 5'-CCTCTAACC GCCCACCACG-3' (antisense)] and primers specific for unmethylated DNA [5'-ATGGTAGTTTTTATGAAAGG TGTT-3' (sense) and 5'-CCCTCTAACCACCCACCACA-3' (antisense)] yielded a 105 to 107-bp PCR product. The PCR conditions were as follows: 1 cycle at 95˚C for 5 min; 31 cycles at 95˚C for 45 sec, 56˚C for 30 sec and 72˚C for 30 sec; and 1 cycle at 72˚C for 4 min. Two gastric cancer cell lines, MKN74 and MKN45 were used as 14-3-3 σ methylationpositive and methylation-negative, respectively (11) .
Reverse transcriptase-polymerase chain reaction. Total RNA was extracted with an RNeasy mini kit (Qiagen, Hilden, Germany) from prepared frozen sections and 1 μg of total RNA was converted to cDNA with a first strand cDNA kit (Amersham Pharmacia Biotech, Uppsala, Sweden). Polymerase chain reaction (PCR) was performed by using the σ-specific primers 5'-GTGTGTCCCCAGAGCCATGG-3' and 5'-ACCTTCTCCCGGTACTCACG-3' (13). The PCR conditions were as follows: 1 cycle at 95˚C for 5 min; 30 cycles at 95˚C for 45 sec, 60˚C for 45 sec and 72˚C for 45 sec. The PCR samples were resolved by electrophoresis in a 2% agarose gel.
Western immunoblotting. Samples containing 40 μg of protein were loaded onto 12.5% polyacrylamide gels. Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and electrophoretically transferred to nitrocellulose membranes (BioRad, Hercules, CA). The membranes were then placed in the blocking solution at room temperature for 1 h, washed with 0.01% Tween-PBS and incubated overnight at 4˚C with mouse monoclonal anti-14-3-3 σ antibody (NeoMarkers, Fremont, CA). The blots were then incubated with horseradish peroxidaseconjugated secondary antibody (anti-goat IgG antibody; Medical and Biological Laboratories, Nagoya, Japan). Protein bands were visualized using the ECL Plus detection system (Amersham Biosciences, Buckinghamshire, UK).
Immunohistochemistry. Immunostaining of 14-3-3 σ was performed on 5 μm-thick consecutive sections obtained from paraffin-embedded human oral tissue blocks. Sections were deparaffinized, rehydrated and then treated with 3% hydrogen peroxide in methanol for 10 min. Antigen retrieval was done by autoclaving the slides for 10 min in 10 mM citrate buffer, pH 6.0. After blocking with 5% normal goat serum, the sections were incubated with anti-14-3-3 σ antibody and antiCyclinD1 antibody (Medical and Biological Laboratories) in antibody diluent at 4˚C overnight. Non-immune IgG at the same concentration as the primary antibody served as a negative control. The sections were then sequentially incubated with the Labelled Polymer, HRP for 30 min and with ready-to-use DAB + substrate-chromogen solution (1-3 min). Then the sections were counterstained with Mayer's haematoxylin. In each specimen, the percent of positive cytoplasmic stained cells was calculated in four different fields using a x10 objective. For 14-3-3 σ, we classified the cases into four categories according to their signal intensity as follows: tumour or corresponding normal tissue was scored +++ when ≥30% total cells present showed strong staining, or cells from multiple fields under a x10 objective lens contained areas with ≥30% cells staining positive. Tumour or normal tissue was considered ++ when multiple fields under a x10 objective contained ≤30% cells staining moderately positive. Tumour or normal tissue was scored + when only a single microscopic field under a x10 objective contained ≤10% cells staining weakly positive on an entire slide. All tissues failing to meet at least one of the above criteria were considered negative (-). For CyclinD1, the percentage of positive cells in each case was semiquantitatively evaluated into the following two groups: i) immunoreactivity completely absent or <5% (negative); ii) >5% (positive). In the present study, immunostaining for CyclinD1, cases showing >5% of positive cells were defined as 'positive' according to previous reports (24, 25) . . PCR products were diluted 10-fold with formamide dye solution, denatured at 85˚C for 10 min and separated by electrophoresis on 15% polyacrylamide gels with 5% glycerol at a constant temperature (14˚C). Gels were stained and visualized with the Silver Staining II kit (Wako, Osaka, Japan). The PCR products were purified and sequenced directly with the ABI Prism Dye Terminator Cycle Sequencing kit (Applied Biosystems, Foster City, CA) and an ABI Prism 310 DNA Sequencer (Applied Biosystems).
PCR-SSCP
Statistical analysis. Significant differences were analyzed by Fischer's exact test. P-values <0.05 were regarded as statistically significant.
Results
Methylation of 14-3-3 σ is a rare event in oral cancer.
To investigate the methylation status of the 5' CPG island of the 14-3-3 σ gene in oral carcinoma tissues, we performed MSP of 46 oral carcinoma tissues. Representative results are shown in Fig. 1a , Table I and II. The presence of a methylated allele was detected in 6 cases (13%). In corresponding nonmalignant epithelium, DNA methylation of the 14-3-3 σ gene was not found (Fig. 1a) . The methylated allele was not detected in any of the normal gingival epithelium from healthy volunteers. As shown in Table I, and Western blotting of protein isolated from non-malignant epithelium and tumour tissues. These studies revealed either a marked reduction or a complete absence of expression in all cases available for study in which methylation was detected by MSP (Fig. 1b) . Expression of 14-3-3 σ was observed in all 14-3-3 σ-unmethylated oral tumours (Table I) . In contrast, no expression of the 14-3-3 σ was observed in three of the six 14-3-3 σ-methylated samples. Two tumours with incomplete methylation and one specimen with complete methylation had markedly reduced expression of 14-3-3 σ. Eight out of ten (80%) normal gingival tissues showed 14-3-3 expression although the expression of 14-3-3 σ was higher in primary tumours when compared with nonmalignant epithelium (Fig. 1c) .
Both methylated and unmethylated products were present in 2 out of 6 (33%) 14-3-3 σ-methylated tumours. Therefore, complete 14-3-3 σ promoter methylation (only methylated product present) was detected in only 4 out of 46 primary oral tumours by methylation-specific PCR assay (Table II) .
Immunohistochemistry and methylation status of 14-3-3 σ in oral tissues. We performed immunohistochemistry for the Table I . Methylation of 14-3-3 σ, mRNA expression level and mutation of p53 for each sample where both methylation and p53 status could be analyzed. 
-----------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------------------------------------------------
M, Methylated; U, Unmethylated; -, no expression; +, reduced expression; ++, normal expression; Mt, mutant; Wt, wild-type. 14-3-3 σ protein on 46 oral cancer samples and showed a heterogeneous pattern of 14-3-3 σ protein expression (32%) with cell to cell variation (Fig. 2) . Immunohistochemistry demonstrated that 70% (33 out of 46) of tumours were immunoreactive for 14-3-3 σ in the cytoplasm of the cancer cells in a heterogeneous and homogeneous pattern (Table II) . Positive immunoreactivity for 14-3-3 σ was mainly expressed in the cytoplasm of differentiated squamous cells of oral cancers as well as non-malignant squamous cells. Basal cells in ten unmethylated normal gingival epithelium were scarcely positive. Tumour-to-tumour variation in the relative proportions of positive and negative cells was evident. There was a significant relationship in intratumoural distribution of 14-3-3 σ protein between methylated and unmethylated tumours (P=0.0352) ( Table III) .
---------------------------------------------------------------------------------------------------------------------------------------
Expression of CyclinD1 is reduced in 14-3-3 σ negative oral cancers. We evaluated the expression of CyclinD1, which is essential for progression through G1 phase. In normal epithelia, the expression of CyclinD1 was either not detectable or weak in the basal cell layer. Positive immunohistochemical staining for CyclinD1 was detected in the nuclei of the tumour ONCOLOGY REPORTS 18: 817-824, 2007 Table II. Methylation of 14-3-3 σ, protein expression level, heterogeneity and CyclinD1 expression for each sample. (Fig. 3) . CyclinD1 expression was detected in 13 out of 46 primary oral cancers (28%) ( Table II ). All 14-3-3 σ methylated tumours were negative for CyclinD1 protein.
-----------------------------------------------------------------------------------------------------
Methylation of 14-3-3 σ occurs irrespective of p53 status. We determined whether the frequency of 14-3-3 σ methylation varied with p53 status. p53 mutations were present in 9 out of 24 oral SCC. Methylation of 14-3-3 σ was detected in 3 out of 9 SCCs with p53 mutation and 3 out of 15 with wild-type p53 (Fig. 4) (Table I) .
Discussion
Whether the methylation of 14-3-3 σ exon 1 can cause loss of transcription has been a focus of discussion, since methylation of exon 1 usually does not block gene Table III . Intratumoural distribution of 14-3-3 σ protein in methylated and unmethylated tumours. transcription. We observed three patterns of 14-3-3 σ methylation: no methylation, complete methylation of all the CpG dinucleotides in the sequence, or a mixture of methylated and unmethylated alleles at varying ratios. Significant heterogeneity in methylation patterns were observed in sporadic breast cancers (26) (27) (28) . For the first time, we showed that oral tumours with methylation heterogeneity due to incomplete methylation show levels of protein and mRNA transcripts that were intermediate between unmethylated tumours and tumours with complete methylation of 14-3-3 σ. However, all tumours with any degree of DNA methylation had a statistically significant reduction in 14-3-3 σ levels when compared with unmethylated tumours. There is a small population of 14-3-3 negative cancer cells in methylationpositive tumours. This intratumoural heterogeneity provided U-and M-bands in the same tumour and positive 14-3-3 expression by Western blot and immunohistochemistry. The different portions in the same tumour showed different expression levels of 14-3-3 σ protein. The intratumoural heterogeneity of 14-3-3 σ protein expression in oral cancer tissues also suggests the difficulty in the prediction of histopathological diagnosis of the tumour through the estimation of 14-3-3 σ protein levels in tumour specimens. A small population of 14-3-3 silenced cancer cells might be responsible for malignant potential of the cancer. It is important to investigate intratumoural DNA heterogeneity in order to study the mechanism of multiplicity and clinical malignancy of carcinoma. The 14-3-3 σ gene is a G2 checkpoint regulator that is aberrantly hypermethylated in several tumour types. In this study, we showed discordance between 14-3-3 σ methylation as measured by MS-PCR and 14-3-3 σ mRNA and protein expression in oral cancer. This gene displayed complete methylation and it was also partially methylated in a portion of oral tumours (Fig. 2) . There was a significant relationship in intratumoural distribution of 14-3-3 σ protein between methylated and unmethylated tumours (P=0.0352). The biological significance of the partial methylation observed for the 14-3-3 σ gene in oral cancer is unclear; this result might reflect either the composite structure of this tumour or a complex pattern of methylation.
The role of methylation of 14-3-3 σ exon 1 on gene silencing is still controversial. There is a lower incidence of 14-3-3 σ methylation in our series (13%) than previously reported in oral SCC based on the findings of a combination of MS-PCR, RT-PCR and immunohistochemistry by Gasco et al (15) . They used 56 snap-frozen and 36 paraffin-embedded tissue sections for isolation of genomic DNA and performed MS-PCR according to Ferguson et al (13) similar to our study, with the exception that the PCR was performed for 40 rather than 35 cycles. In our study, we followed precisely the MSP technique; the same primer set, and the same sodium bisulfite reaction conditions. The MSP method we used is thought to be relevant in order to evaluate the methylation status of 14-3-3 exon 1. The methylation pattern varied greatly, even in the same lesion, because the source of the specimen, the detection method, the number of subjects and their ages were different in each study. The 14-3-3 protein is induced under various biological conditions, including cell cycle arrest, differentiation and apoptosis (29-32). 14-3-3 σ has been described as a negative cell cycle regulator, because it is induced in response to DNA damage and leads to G2/M arrest (7). 14-3-3 σ has also been described as a potent inhibitor of cell proliferation in many breast cancer cell lines. 14-3-3 σ can also bind to and inhibit various cyclin-dependent kinases, CDK2, CDC2 and CDK4, which regulate cell cycle progression and cell proliferation and represent a novel class of CDK inhibitors (33) . Negative 14-3-3 σ cases had significantly worse overall survival rates than positive cases (34) . Herein, we show for the first time that a reduction in 14-3-3 σ expression in oral cancers is associated with reduced CyclinD1 expression. These data probably explain the reduction in the cell proliferation and the delay in cell cycle progression. Interestingly, all methylated tumours were negative for CyclinD1. Our results, together with previous reports, suggest that the loss of 14-3-3 σ expression may be associated with tumour cell proliferation and the expression levels of 14-3-3 σ which may be useful for predicting the malignant potential in patients with oral carcinoma.
Since p53-controlled 14-3-3 σ expression was recognized as a key event in maintaining the G2 checkpoint, we expected that the pattern would be determined by the individual p53 status and 14-3-3 σ in oral cancer cells. Surprisingly, no such correlation could be seen. Gasco et al found methylation of 14-3-3 σ in 9/21 vulval SCC with p53 mutations and 11/15 with wild-type p53 (14) . This observation, taken together with the presence of methylated 14-3-3 σ in cancers both mutant and wild-type for p53, suggests that inactivation of 14-3-3 σ and expression of immortalizing oncoproteins from DNA tumour viruses are not mutually exclusive events.
In conclusion, we have shown that methylation of 14-3-3 gene promoter seems to be infrequent in oral cancer; 14-3-3 σ exon 1 methylation is not directly associated with 14-3-3 gene silencing and there appears to be no clear relationship with p53 mutation. Moreover, we showed for the first time that a reduction in 14-3-3 σ gene expression is associated with a decrease in CyclinD1 expression in oral cancers.
